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Abstract
Optical Detection of Acoustically Driven Ferromagnetic Resonance
by Qiaochu GUO
The nitrogen-vacancy (NV) center is a diamond defect that has been considered a potential ma-
terial to develop nanoscale magnetometers. In this study, we use NV-centers in diamond to op-
tically detect ferromagnetic resonance (FMR) driven by surface acoustic waves. An experimental
setup was designed to simultaneously measure the fluorescence of NV-diamonds and electrical
transmission signal when the ferromagnetic sample reaches FMR. We investigated the correlation
between NV-center fluorescence and input microwave frequency, external magnetic field, and po-
sition relative to the ferromagnetic material. Moreover, we developed a scanning magnetometer
by attaching NV-diamonds to the tip of an AFM probe. An optically detected magnetic resonance
(ODMR) spectrum is obtained from the NV-diamond probe. The NV-diamond probe will be used
in future studies to understand the spatial dependence of the coupling between NV-centers and
ferromagnetic materials.
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1Chapter 1
Optical Detection of Acoustically Driven
Ferromagnetic Resonance
1.1 Introduction
With the development of magneto-electronics and spin-based device technologies, studies of fer-
romagnetic resonance (FMR) at the micro-and nano- scale have become an area of major research
focus. An emerging method for optically detecting magnetic resonance uses nitrogen-vacancy
(NV) centers in diamond. Detection of magnetic dynamics and resonance at the nanoscale with
extreme sensitivity can be achieved due to the spin-dependent fluorescence of NV-centers [1] [2]
[3]. Our group has recently made the first demonstration of FMR detection using NV-based Opti-
cally Detected Magnetic Resonance (ODMR)[4] [5]. Our collaborators have recently demonstrated
a novel technique of acoustically driven FMR (ADFMR) through magnetostriction–for magne-
tostrictive ferromagnetic materials, elastic deformations will result in change of magnetization
and vice versa [6]. Since acoustic waves travel at the speed of sound, they have much shorter
wavelengths compared to microwaves, thus allow us to design magnetic devices of size several
orders of magnitude smaller than devices with traditional electromagnetic excitation [7]. More-
over, driven by electric field instead of current, ADFMR avoids power dissipation due to electron
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FIGURE 1.1: The basic mechanism of the optically detected ADFMR system
flow and can be applied in low-power devices [6]. Here, we use surface acoustic waves (SAWs)
in an underlying piezoelectric substrate to generate elastic deformations in a ferromagnetic thin
film and thereby excite FMR. Detecting ADFMR with NV-centers not only provides us a means
to study ADFMR on smaller length scales, but also allows us to investigate of the coupling be-
tween NV-centers and ferromagnetic materials. In this experiment, we developed a platform to
study investigate the interactions between NV-centers, surface acoustic waves and ferromagnetic
materials. The basic mechanics of the system is shown in Figure 1.1.
1.2 Background
1.2.1 Nitrogen-vacancy Centers in Diamond
Diamond consists of five carbon atoms in each of its unit cell. Ideal homogeneous diamonds
are transparent and colorless. The impurities and defects in diamond are very stable and have
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various interesting physical and chemical properties [8]. This study focuses on a specific diamond
defect: the nitrogen-vacancy (NV) center, which has a nitrogen substitution in one carbon site and
a vacancy defect in its adjacent site (Fig.1.2). This defect structure acts like a trapped electron with
spin 1, resulting in atomic-like energy levels with underlying spin splittings (Fig.1.3). As shown
in the energy level diagram, ground state NV-centers can be excited by 532 nm light and emit red
light when relaxing from the excited state. One of the most important properties of NV-centers is
their spin-dependent fluorescence: having three spin states (ms = 0 or ms = ±1), when relaxing
from the excited state, NV centers with ms = ±1 have a finite probability of going through a
metastable state which does not emit any visible light, resulting in a weaker total photoluminances
(PL) for ms = ±1 NV-centers. Thus the amplitude of NV PL indicates different spin states of
NV-centers. With no external magnetic field, the ms = ±1 states have the same energy and can
be excited from the spin-0 state by 2.87 GHz microwaves. When an external magnetic field is
applied, the degenerate ms = 1 and ms = −1 spin states will split into two energy levels due to
the Zeeman effect. As a result, the microwave frequencies required to excite ms = 0 NV-centers
to ms = ±1 diverge from 2.87 GHz (Fig.1.4). The frequency difference is directly related to the
magnitude of the applied magnetic field and is given by 2γBz , where the NV gyromagnetic ratio
γ = 2pi × 28GHz/Tesla, and Bz is the magnetic field component that is parallel to the NV axis [9]
[8].
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FIGURE 1.2: The NV-center in a diamond unit cell
FIGURE 1.3: The energy level diagram of the NV-center in diamond. The ground
state and excited state are similar to the electron energy levels in an atom. The ms =
±1 states are degenerate at zero field and are split due to the Zeeman effect when
external magnetic field is applied.
FIGURE 1.4: NV PL vs. microwave frequency, measured with continuous wave laser,
with or without external magnetic field. The NV-centers are polarized to ms = 0
state by the laser. When microwaves of 2.87 GHz are applied, some of the NV-centers
are excited to ms = ±1 states, resulting a decrement of NV PL. [9].
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1.2.2 Optically Detected Ferromagnetic Resonance
An important property of a magnetic material is the magnetization–which describes the direction
and density of the magnetic dipole moment of the material. Applying an alternating magnetic
field on a ferromagnetic material exerts a torque on its magnetization and thereby causes the
magnetization to process around the effective magnetic field (Fig.1.5) [10]. Uniform mode ferro-
magnetic resonance (FMR) is generated when the magnetic moments in the material process at the
same amplitude and in phase. The FMR frequency of a ferromagnetic material can be described
by the Kittel Formula ω0 = γ[B0(B0 + µ0M)]1/2 [11].
Typically, a resonance experiment setup consists of a static magnetic field H0 and an field H1 al-
ternating at a certain frequency, usually generated by a microwave cavity or stripline. FMR is
measured from the absorption of the microwaves by the ferromagnetic film: when the microwave
frequency matches the ferromagnet’s resonance condition, there will be a sharp absorption peak of
the microwaves. Recently our group discovered that NV centers can also be excited from ms = 0
state to ms = ±1 states by the FMR of a nearby ferromagnetic material. The observed result wa
a change in NV PL at magnetic fields or microwave frequencies away from NV resonance [4]. As
shown in Figure 1.6, the two splittings at 1.40 GHz and 2.87 GHz at zero field correspond to the
transitions from ms = 0 to ms = ±1 in the excited state and ground state respectively. Without the
effect of ferromagnetic material, changing of NV spin states only happens at NV resonance, how-
ever, when NV-centers are located close to a ferromagnetic material–Yttrium Iron Garnet (YIG)
in this case, their PL also changes when YIG is driven on FMR. The current understanding for
this phenomenon is that the uniform mode FMR decays into spinwaves that are at NV resonant
frequencies and thereby relaxes NV-centers [5] [4]. The study of this NV-FMR coupling is still on-
going, nevertheless, this phenomenon provides us a means to detect FMR by measuring NV PL.
Thanks to its atomic size and sharp spin resonance, NV-center in diamond can be used to probe
nanoscale local magnetic dynamics.
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FIGURE 1.5: Ferromagnetic resonance (FMR). M is the magnetization of the material
and Heff is the effective field.
FIGURE 1.6: NV PL change while its nearby YIG film undergoes FMR. The two
splittings at 1.40 GHz and 2.87 GHz indicate NV spin transition at the ground state
and excited state. The FMR causes decrements of NV PL at frequencies far from the
NV resonant frequencies. [4]
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1.2.3 Surface Acoustic Waves
Surface acoustic waves (SAWs) have recently been considered an alternative way of drive FMR.
SAWs are generated due to the change of strains of an elastic material and travel on the surface of
the material. SAWs travel at the speed of sound. According to the relation between wavelength
and speed v = λf , where v is the speed that the wave travels at, λ is the wavelength, and f is the
frequency, at the same frequency, SAWs have wavelengths that are approximately a million times
shorter than electromagnetic waves. Their significantly shorter wavelengths allows electronics
to be designed in much smaller sizes [7]. Moreover, being generated by electric field instead of
current, SAWs avoid the energy loss due to electron flow, thus increase the device efficiency and
can be used for low-power applications [6].
For acoustically driven FMR (ADFMR), SAWs generate elastic stains on the ferromagnetic ma-
terial, and the anisotropy of the ferromagnetic material changes due to the magnetostriction, a
magnetic property that describes the relation between the elastic deformation of a material and
its anisotropy. In this experiment, the magnetostrictive ferromagnetic film is directly deposited
on a piezoelectric substrate, and the SAWs carried by the substrate generate elastic strains on the
ferromagnetic film and thereby drive FMR.
1.3 Methodology
1.3.1 The ADFMR Device
An ADFMR device used in this experiment is shown in Figure 1.7. A ferromagnetic film (Ni or Co)
of size 1.5 mm × 0.5 mm is deposited on the piezoelectric substrate (lithium niobate). SAWs are
generated by a set of interdigitated transducers (IDTs), which transform microwaves into SAWs.
The IDTs are designed to transform microwaves only at its odd-numbered harmonic frequencies,
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FIGURE 1.7: The ADFMR device with NV-diamonds. A ferromagnetic film (Ni or
Co) is deposited between two IDTs, which transform input microwaves into SAWs.
NV-diamonds are placed at various locations on the device surface, and their fluo-
rescence is measured.
which are determined by the IDT’s geometry. In this experiment, IDTs with a fundamental fre-
quency of 287 MHz are used, which means that the IDTs transmit electrical signals at frequencies
of 861 MHz, 1429 MHz, etc. Notice that the harmonics of each IDT can vary lightly (± 5 MHz)
and should be tested by taking field sweeps with no external magnetic field. The power loss from
the microwave input to output is approximately 15 dBm, however, the loss of SAWs between the
IDTs is as low as 0.1%.
NV-diamonds are deposited on the surface of the ADFMR device by dropping small droplets of
NV-diamond suspension using glass needles. We choose to use suspension instead of powder to
obtain a relatively uniform distribution of the NV-diamond on the device surface. The detailed
procedure of depositing NV-diamonds on the ADFMR device can be found in Appendix A.
1.3.2 Experimental Setup for Continuous Wave ADFMR
A set of IDTs on the ADFMR device is wirebonded to SMA connectors for microwave input and
output. Typically we generate 21.5 dBm microwaves from the microwave generator and use a
2 dB attenuator to avoid high power reflections gping back into the generator. Subtracting the
power loss at the IDTs (7.5 dBm each), roughly 12 dBm microwaves are transformed into SAWs,
and roughly 4.5 dBm microwaves are output at non-FMR frequencies. An external magnetic field
is applied in-plan at an angle of 45 degrees relative to the SAW transmission direction (maximum
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FIGURE 1.8: Experimental setup for the ADFMR experiment. The input IDT trans-
form microwaves into SAWs which drive the FMR of the ferromagnetic film. The
transmitted SAWs are converted back into microwaves and are measured by the
output IDT. An in-plane magnetic field is applied to maximize the SAW absorption.
NV-diamonds are deposited at different locations on the device surface, and their
fluorescence is collected by a photodiode.
absorption angle [6]) in-plane with the ADFMR sample. The electromagnet supplies magnetic
field up to ∼35.8 mT at the sample location using a 6 V power supply. Higher voltage (∼12 V)
can be used for short-time field sweeps, but should not be applied to the magnet continuously to
avoid magnet overheating. The voltage-field conversion is calibrated by placing a Hall probe at
the sample position and has an error within ± 10%.
The input microwaves are transformed into SAWs through the IDT and the piezoelectrical sub-
strate (lithium niobate). SAWs excite the ferromagnetic film to its FMR due to magnetostriction,
and the FMR is detected both through the electrical transmission and NV PL change. We perform
two kinds of measurements for FMR detections: sweeping microwave frequency at a fixed mag-
netic field (frequency sweeps) and sweeping magnetic field at a fixed IDT harmonic frequency
(field sweeps). We modulated the input microwave, and the output electrical and optical signals
are collected with two lock-in amplifiers. When FMR is reached, we expect absorption troughs on
the electrical transmission and peaks on NV PL change.
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We deposited NV-diamonds at different positions on the sample for control measurements as well
as investigating local FMR, i.e. spatial dependence. However, since the morphology of each NV-
diamond spot is different from each other, the NV PL change can be varied not only due to the
sample position, but also the coupling between NV-diamonds and the ferromagnetic film.
More experimental details and tips can be found in Appendix A.
1.3.3 Experimental Setup for Pulsed ADFMRMeasurements
Depending on the quality of the IDTs, some of the input microwaves will not be transformed into
SAWs, but directly moving through the air. We designed a pulsed ADFMR experiment to elimi-
nate the effect of these spurious microwaves. When a microwave pulse is sent in from the input
IDT, the output signal is shown in Figure 1.9, in which the first small peak correspond to the spuri-
ous microwaves, the large peak corresponds to the SAWs, and the second small peak corresponds
to the reflection of SAWs from the output IDT. The time difference between the microwave and
the SAW peaks is a result of the different velocity the waves travel at and is determined by the
distance between the two IDTs(∼800 ns in this case). The second microwave peak following the
SAW peak shows up due to the reflection of the output IDT and is located halfway between the
two pulses.
In this experiment, three pulses are generated: the input microwave pulse (excitation pulse), the
laser pulse, and the detection pulse. An example is shown in Figure 1.11, in which the pulses are:
TABLE 1.1: Pulsed ADFMR example input pulses
Pulse Initial delay (µs) Width (µs) Delay (µs) Frequency (MHz)
Microwave 0 0.8 4.2 0.2
Laser 1.6 1.9 0.6 0.4
Detection 1.6 0.2 2.3 0.4
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Excitation microwave pulse: To maximize the signal, we want to maximize the duty cycle of
the excitation microwave, however, to avoid overlapping of the spurious microwave and SAW,
the width of the pulse should be no longer than the SAW delay. In this case, we use a pulse
width of 800 ns. The delay time of the excitation pulse is determined by the duration of the SAW,
which is approximately 1.7 µs. To measure the NV PL change, the microwave pulses should
have a different frequency than the laser pulse, and we choose to send in microwave pulse every
alternate cycle, which gives a frequency half as the laser pulse frequency, therefore the total delay
of the pulse is 1.7 + 2.5 = 4.2 µs.
Laser pulse: The laser pulse has two functions: the first 200 ns overlaps with the detection pulse
for optical readout, and the pulse as a whole polarizes the NV-centers to ms = 0 state. The laser
pulse is set to be on as the detection pulse is on, and last until the beginning of the SAW pulse.
The delay time of the laser pulse is set to give a frequency twice as the microwave pulse.
Detection pulse: The detection pulse decides when the optical and electrical signals are detected.
Its width can be adjusted to maximize the signal as long as the frequency is the same as the laser
pulse. An initial delay is set so that the detection pulse covers the peak of the SAW pulse and NV
PL change.
* Remaining issues: In this experiment, all electrical transmission signals are obtained at the out-
put IDT, however, the SAWs affecting on the ferromagnetic film should have different delay times.
Moreover, these pulses were designed to have the same frequency first, and then the microwave
pulse was turned off every other cycle. There might be alternative ways to design the pulses such
that the microwave and detection pulses can have higher duty cycles.
The microwave and detection pulses are sent in three switches: one is between the microwave
generator and the sample, one is between the output IDT and the lock-in for electrical signal, the
last one is between the photodiode and the lock-in for optical signal. The pulses are generated
with an NI DAQ and a pulser, and the details can be found in Appendix A.
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FIGURE 1.9: Electrical transmission signal for pulsed microwaves. Red = input mi-
crowave pulse; blue = transmitted electrical signal. The first small peak after the
input pulse indicates the spurious microwave. The large peak and the second small
peak indicate the SAWs and their reflections respectively.
FIGURE 1.10: Block diagram for the pulsed ADFMR experiment.
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FIGURE 1.11: Pulses used in the pulsed ADFMR experiment. Pulses are generated
for the excitation microwave, the laser, and the detections. Lock-in amplifiers are
used to measure the output signals with a reference modulation same as the excita-
tion microwave.
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1.4 Results and Discussion
We tested and compared samples deposited with different ferromagnetic films (nickel and cobalt),
as well as a controlled sample with no ferromagnetic film. We obtained multiple field and fre-
quency sweeps under different conditions and as different NV-diamond positions.
1.4.1 Frequency Dependence
FIGURE 1.12: Frequency sweeps on Ni sample. Electrical signal peaks can be ob-
served at the 1st and 3rd IDT harmonics, whereas the peak at the 5th harmonic is to
small to be seen. The NV PL change peaks at the 1st, 3rd, and 5th IDT harmonics.
The IDT harmonic frequency is decided by its finger width and spacing. An image
of the IDT fingers is also shown.
The IDTs are designed to only transmit microwaves at its odd-number harmonics. For the devices
used in this experiment, the fundamental IDT harmonic is at ∼287 MHz, and the 3rd and 5th
harmonics are at ∼861 MHz and ∼1429 MHz. Figure 1.12 shows the electrical transmission and
NV PL change at frequencies from 200 MHz to 1500 MHz. For Ni and Co, the FMR occurs at small
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magnetic field (less than 5 mT) at the IDT harmonics, therefore the FMR can still be detected at
zero-field. Electrical transmission and NV PL change are measured at zero magnetic field. We
can observe that the transmission decreases significantly at high frequency, and the peak at 1429
MHz can hardly be seen. On the other hand, the NV PL change at zero-field is smaller at 861 MHz
comparing to at 287 MHz, but the peak at 1429 MHz has the maximum amplitude. One possible
explanation for this is that the 5th harmonic is very close to NV excited state resonant frequency
(1.40 GHz), and the NV-centers are excited toms = ±1 by the FMR uniform mode directly, instead
of the spinwaves it decays into. The NV PL change is also measured at high magnetic field (35.8
mT), which is far from the FMR field of Ni and Co. Since there is no FMR effect, the NV PL
change peaks disappear. Another control measurement is done by measuring NV PL change at
NV-diamond spot outside the ferromagnetic film. Due to the lack of ferromagnetic material, FMR
does not affect NV PL in this case either, thus no NV PL change peaks.
* Remaining issues:
1. The small peak observed of NV PL change outside Ni (red line) at approximately 360 MHz is
not noise. The data were averaged from 20 repetitions, and this peak has also been observed
on another Ni ADFMR sample. Further investigations of this peak are needed.
2. The amplitude of the NV PL change peaks are not very consistent and is highly dependent
on the position of the laser spot, i.e. the quality of coupling between the NV-diamonds and
the ferromagnetic material at this position. The NV PL change at 861 MHz usually, but not
always, has smaller amplitude than the other two peaks.
3. The values of the electrical signal might be inaccurate due to the damaged microwave diode.
1.4.2 Field Dependence
We held the microwave frequency at the IDT harmonic frequencies and swept magnetic field. The
troughs of the electrical transmission indicate that the ferromagnetic film has reached its FMR.
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The NV PL response can be observed clearly on the 287 MHz and 861 MHz sweeps, where two
peaks occur at the same time as the electrical transmission decreases. At 1429 MHz, however, a
larger peak occurs at 0 field, and the two FMR peaks merge together, forming a single peak with
fine features at its maximum. The zero-field peak at 1429 MHz consist with the NV excited state
resonant condition, and NV-centers might be directly excited by the FMR uniform modes in the
ferromagnetic material.
Comparing Ni and Co, the electrical absorption at FMR is significantly larger on Ni, especially
at 862 MHz. The magnitude of NV PL change peaks, however, do not show a correlation with
the electrical absorption–at lower frequencies (287 MHz and 861 MHz), the NV PL on Co changes
more than on Ni, whereas at 1429 MHz, the NV PL change peak on Ni is almost one order of
magnitude larger than on Co. The features at the peak maximum is also less identifiable on Ni.
* Remaining issues:
1. The irregular electrical transmission between the two FMR troughs is related to the orienta-
tion of the magnetic field, i.e. the out-of-plane field. If the sample position is adjusted well
enough that the out-of-plane field is very small, this effect should be eliminated.
2. The two peaks of NV PL change are not always observable. Some measurements on the same
sample only show one peak at zero-field. Further experiments should be done to obtain
consistent measurements.
3. The NV PL change has an linear offset at 287 MHz and 861 MHz. This offset is reduced but
not eliminated when we switched from Adamas NV-diamond suspension to water suspen-
sion.
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FIGURE 1.13: Field sweeps on Ni and Co sample at IDT harmonic frequencies. A
correlation between the NV PL change and the electrical absorption can be seen. The
NV PL change has two peaks at 287 MHz and 861 MHz, whereas at 1429 MHz, the
two peaks merge together and a third peak at zero field appears.
1.4.3 Spatial Dependence
As mentioned int he Methodology section, NV-diamonds are deposited at various positions on the
device surface. The measurements were performed on a Ni ADFMR sample for which the IDTs
are slightly damaged and gives high spurious microwave at high frequency. Shown in Figure 1.15,
the sharp peaks at∼287 MHz and∼861 MHz are transmitted SAWs, and all the irregular peaks are
results of spurious microwave. We measured the NV PL change at different positions, and three
representative ones are plotted in Figure 1.14. At 287 MHz and 861 MHz, where FMR is the only
excitation source, only the NV-diamonds on the Ni film (yellow spot) have NV PL change. At 1431
MHz, NV-diamonds that are not on the Ni film (blue and orange) also have PL change, and NV
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PL change at the blue position–which is closer to the input IDT–higher than the orange position.
These two peaks are clearly not due to FMR and might be a result of the spurious microwave
excitation of NV at ground state: the frequency sweep (Fig. 1.15) does show a considerable amount
of microwave at 1431 MHz, and the larger peak at the blue position indicates that the microwave
is stronger closer to the input IDT. The field sweep at 2875 MHz, the NV ground state resonant
frequency, further confirmed that NV-centers can be excited by the spurious microwave directly.
The peak amplitudes decreases for NV-centers further away from the input IDT. Considering the
electrical transmissions are measured at the output IDT, the actual microwaves acting on the NV-
diamonds are possibly stronger than shown in the frequency sweeps.
* Remaining issues:
1. Again, NV PL change is highly dependent on the coupling between NV-diamonds and the
device surface. A slight motion of the sample can lead to a huge change of the PL.
2. There are some NV PL change signals for the two off-Ni positions, shown as small bumps on
Figure 1.14 at 287 MHz and 861 MHz. This could be caused by the chemicals in the Adamas
NV-diamond suspension, but it is seemingly sensitive to magnetic field.
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FIGURE 1.14: Field sweeps on Ni sample at different NV-diamond positions. The
effect of the spurious microwave can be observed at 1431 MHz and 2875 MHz. Field
sweeps at 2875 MHz show that the microwave effect increases at positions closet to
the input IDT.
FIGURE 1.15: Frequency sweeps on Ni sample, electrical transmission signal. The
two sharp peaks at 287 MHz and 861 MHz are SAWs, and the irregular signals indi-
cate spurious microwaves.
1.4.4 Pulsed ADFMR
We tested the output signal (optical and electrical) strength at different detection pulse frequencies.
The excitation microwaves are modulated at 100 kHz, 50% duty cycle. We vary the detection pulse
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frequency from 100 Hz to 1.82 MHz, all at 50% duty cycle. The results are shown in Figure 1.16.
We can see that both optical and electrical (S12) signals keep constant until 100 kHz, which is
exactly the input microwave frequency. When the detection pulse frequency exceed 100 kHz, the
pulse width is not long enough to cover the entire microwave pulse, thus only partial signals are
detected, resulting in a decreasing signal amplitude. The higher the detection pulse frequency is,
the smaller the pulse width, and less signal is detected.
The detected signal strength also depend on the relative phase of the detection and excitation
pulses. Figure 1.17 shows the transmitted electrical signal (S12) for different detection pulses,
varying the initial delay time. The detection signal goes to zero when the detection pulse is com-
pletely out of phase with the transmitted signal. Although smaller duty cycle detects less signal,
the pulse edge is sharper than the large-duty-cycle pulses.
Due to time and equipment limitations, we were not able to perform much measurement us-
ing the pulsed setup. The signals detected are significantly weaker than the continuous wave
(CW) measurements. With pulses listed in Table 1.2, a small peak is observed at ∼287 MHz on
the Co sample by taking averages from 20 sweeps (Fig. 1.18). Measuring ADFMR with pulsed
microwaves should be approachable if we can reduce the noise and further amplify the optical
signals.
TABLE 1.2: Pulsed ADFMR input pulses
Pulse Initial delay (µs) Width (µs) Delay (µs) Frequency (MHz)
Microwave 0 0.8 9.2 0.1
Laser 0.6* 1.9 3.1 0.2
Detection 1.6 0.5 4.5 0.2
* There is a 1 µs internal delay from the laser source, therefore the total initial delay is 1.6 µs.
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FIGURE 1.16: Output signal amplitude of 861 MHz input microwaves modulated at
100 kHz (50% duty cycle), varying the detection pulse frequency (50% duty cycle).
FIGURE 1.17: Electrical transmission signal amplitude of 861 MHz input mi-
crowaves modulated at 400 kHz (32% duty cycle), varying the detection pulse duty
cycle and initial delay time.
22 Chapter 1. Optical Detection of Acoustically Driven Ferromagnetic Resonance
FIGURE 1.18: Frequency sweep on Co sample with the pulsed ADFMR setup. Taken
from 20 averages. A small peak can be seen at around 287 MHz.
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1.5 Conclusion
We successfully measured ADFMR on nickel and cobalt using NV-centers. A general protocol
of depositing NV-diamonds on the ADFMR devices is developed. We performed frequency and
field sweeps at multiple positions on the ADFMR samples and observed peaks of NV PL change
when the ferromagnetic film reaches FMR. The PL intensity is tested to be very sensitive to the
distance between NV-diamonds and the ferromagnetic film. We compared ADFMR on Ni and Co
and found that although Co has a larger magnetostriction, with the same microwave frequency, it
required higher magnetic field to reach FMR. The electrical absorption of Co is also higher than Ni
in an order of magnitude, whereas the NV PL changes are in the same order of magnitude on both
materials. The FMR-driven NV PL change disappears when the NV-diamonds are outside the
ferromagnetic film or when higher magnetic field is applied. We have also observed the effects of
spurious microwaves on NV-diamonds: the spurious microwaves are able to drive NV resonance
directly at ∼1.40 GHz and ∼2.87 GHz and their intensity decreases at positions further aways
from the input IDT. We eliminated the spurious effects by applying pulse microwaves and pulsed
detections. The resulting signals are smaller than the continuous wave measurements by two
orders of magnitude and can hardly be identified from the background noise.
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Chapter 2
Developing a Spatially Scannable
Diamond Probe for Sensitive Nanoscale
Magnetometry and Spectroscopy
2.1 Introduction
Mapping nanoscale magnetic fields with high spatial resolution has always been a major research
aim in various disciplines, from magnetic resonance imaging (MRI) for medical diagnosis, to mag-
netic hard drive design and manufacture. Magnetometry is the technique of measuring and imag-
ing magnetism. Current magnetometry techniques, e.g. superconducting quantum interference
devices (SQUIDs) and magnetic force microscopy (MFM) are not ideal for providing high mag-
netic sensitivity and high spatial sensitivity at the same time [3]. NV-centers in diamond are
recently considered a potential alternative solution to building nanoscale magnetometers. Our
previous study on ADFMR shows a dependence of NV-center fluorescence on its position relative
to the ADFMR device. Mapping the ADFMR device with NV-diamonds at an arbitrary position
with more accurate controls will allow us to further study the spatial relations between NV-centers
and FMR. The goal of this project is to develop a spatially scanned nanodiamond probe, which
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will enable imaging of magnetic fields at nanoscale with nanotesla range sensitivity, by attaching
nanodiamonds containing NV defects to the tip of an atomic force microscope (AFM) cantilever.
The attachment was achieved by manipulating the AFM scan modes and parameters during the
scanning of NV-diamonds deposited on silicon substrate. We have developed a microscope-based
setup to image fluorescence of NV-diamonds under laser excitation and have successfully attached
multiple NV-diamonds to an AFM cantilever tip. Several measurements have been done to char-
acterize the NV-diamonds attached cantilever. Future study will be focused on developing single
NV-diamond attached scanning probe, as well as performing magnetic measurements with mul-
tiple NV-diamonds attached probe.
Multiple nanodiamonds were successfully attached to an AFM tip by scanning an AFM tip charged
by poly-l-lysine over an ensemble of nanodiamonds dispersed on a silicon substrate. The nanodi-
amoands picked up by the AFM tip have been characterized by optical fluorescence, optically
detected magnetic resonance and scanning electron microscopy. This NV-diamond probe can be
potentially used to map NV PL change over the ADFMR device.
2.2 Background
2.2.1 Atomic Force Microscopy
Atomic force microscopy (AFM) is a scanning technique that has a resolution in nanoscale. AFM
scans the sample surface morphology with a mechanical probe with tip radius as small as sev-
eral nanometers. The basic mechanics of the AFM is shown in Figure 2.1. The scanning probe is
brought in contact with the surface of the sample and is scanned over the desired area. Topolog-
ical features on the sample surface result in motions and change of force on the probe [12]. The
motion of the cantilever due to the force is detected by its reflection of a laser beam. Because of
the interaction between the AFM probe and the sample surface, AFM can also be used to perform
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nanomanipulations. Two of the most common AFM scanning modes are contact mode and taping
mode. In contact mode, the AFM probe tip is in contact with the sample during the entire scan-
ning, and the sample morphology is obtained by measuring the deflection of the probe cantilever.
In tapping mode, the probe is oscillating at or very close to its resonance frequency, and the change
of the oscillation amplitude is detected and used to derive the topological features of the sample.
The perturbation to the sample is much smaller using tapping mode than contact mode, therefore
tapping mode can be applied to unstable samples such as powders and soft materials.
FIGURE 2.1: The basic mechanism of atomic force microscopy (AFM). The AFM
probe is in contact with the sample surface, and the deflection of the AFM cantilever
is measured with a laser beam.
2.3 Methodology
We use the Adamas NV-diamond suspension (nanodiamond radius = 100 nm) to deposit NV-
diamonds on silicon substrates, and then attach the NV-diamonds to an AFM probe tip by scan-
ning a small region of the sample that contains a certain amount of nanodiamonds using AFM
contact mode.
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2.3.1 Depositing NV-diamonds on Si Substrates
To obtain different dispersions of the NV-diamonds, we diluted the 1 mg/mL Adamas NV-diamond
suspension by factors of 100, 103, 104 and 105 with distilled water. Silicon wafers were cut into 5
mm × 5 mm square pieces for use as substrates. The substrate was placed on a hotplate at a tem-
perature of∼ 270oC. The substrate was left on the hotplate for∼5 minute to reach the equilibrium
temperature, an then 5 µL of diluted NV-diamond suspension was obtained with a micropipette
and dropped on the substrate. NV-diamonds were deposited on the Si substrate after the solvent
was evaporated. The remaining NV-diamonds tend to concentrate and form multiple "rings" (Fig.
2.2).
We have also tried to use a spinner to spin the substrate while depositing NV-diamonds in or-
der to obtain a uniform dispersion. Given multiply trials with various spin speed, however, we
found that only a small amount of nanodiamonds remained on the substrate after spinning. Later
AFM scans show that we are able to find dispersed or single NV-diamonds on a drop-deposited,
unspinned sample, therefore the drop-suspension procedure is the best method so far finding
dispersed single NV-diamonds.
FIGURE 2.2: NV-diamonds deposited on Si substrate. 10 µg/mL NV-diamond sus-
pension was used. The diameters of the outer most rings are approximately 1 mm.
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2.3.2 Attaching NV-diamond to AFM Cantilever Tips
We attach NV-diamonds to the probe by using AFM contact mode scan a small area of the sample
that was deposited with NV-diamonds. To reinforce the attachment, the tip of the probe was
coated with poly-l-lysine, a positively charged polymer that increases the attraction between the
probe tip and the negatively charged NV-diamonds [13] [14]. We first scanned the sample using
AFM tapping mode and located a region with desired amount of nanodiamonds (usually an area
less than 10 × 10 µm2). We then switch to the contact mode and scan the target area (Fig. 2.3),
and some of the nanodiamonds in this area would attach to the tip of the AFM probe. After the
nanodiamonds are attached to the probe, it is unlikely for them to fall off [15].
We also made attempts to attach a single NV-diamond to the probe tip. Using the same pro-
cedures, we were able to locate single NV-diamonds even on the most concentrated sample (10
µg/mL). We have also observed that the nanodiamond being moved after contact-mode scans,
however, attaching a single NV-diamond to the probe tip still remains unaccomplished after nu-
merous tries.
FIGURE 2.3: Optical image of NV-diamonds before (left) and after (right) AFM con-
tact mode scanning of a 10× 10 µm2 area. The nanodiamonds in the scanned region
are clearly removed. The image width is approximately 0.1 mm. 10 µg/mL NV-
diamond suspension was used for this sample.
2.3.3 Optically Detected Magnetic Resonance of NV-centers
We modified an inversed microscope to measure the NV PL. Shown in Figure 2.4, a 532 nm laser
beam is shot through a ND filter, reflected by two mirrors. The most collimated part of the beam is
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then selected by an aperture, and finally sent into the microscope. In front of the microscope, there
is a defocusing lens mounted on a flip mount. The defocusing lens allows us to adjust the beam
size to observe NV-diamonds in a relatively large area (∼0.15 mm beam diameter) with relatively
lower laser intensity, or focus down on a small point with higher laser intensity. In this case, we
set up the defocusing laser when obtaining the NV-diamond PL on Si substrates (for example,
second picture on Figure 2.8) and put down the lens when measuring the NV PL on the tip of a
cantilever (Fig. 2.9, left column). Inside the microscope, the 532 nm laser beam is first reflected by
a dichroic mirror, which reflects green light and transmit red light. The red NV fluorescence then
passes through the dichroic mirror and a long pass filter, is reflected by a mirror, and focused on a
photodiode. Figure 2.5 shows the locations of the electromagnet and the positioning stage in this
setup. The electromagnet was used to supply the external magnetic filed and generates Zeeman
splitting of the NV-centers. We used a 3-axis positioning stage and some 3D-printed parts to hold
the AFM cantilever above the objective, where the laser beam was focused. A piece of thin wire
(Fig. 2.6) was connected to an SMA connector an was held very close to the NV-diamond-covered
AFM cantilever tip (seperation ∼ 350 µm, see Fig. 2.7). Microwaves were generated by running
AC current through the wire in order to drive NV resonance. Modulating the input microwave
at 1 kHz, the NV fluorescence was collected by the photodiode, and the change of NV PL was
measured by a lock-in amplifier.
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FIGURE 2.4: The Nikon setup used to measure NV PL. The setup consists of a in-
verted microscope, a defocus lens on a flip mount, several mirrors and filters, and a
laser source. The inner structure of the microscope is shown next to the picture.
FIGURE 2.5: A picture shows the locations of the electromagnet and the positioning
stage.
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FIGURE 2.6: Thin wire used to supply microwaves.
FIGURE 2.7: Microscopic image of the edge of a microwave wire and an AFM probe
nearby.
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2.4 Results and Discussion
We deposited NV-diamonds on silicon substrates with suspensions of different concentrations.
The sample obtained from 10 µg/mL suspension was used since we were able to identify both
single NV-diamonds and clusters with a large amount of NV-diamond. Shown in the AFM image
in Figure 2.8, several single nanodiamonds can be seen close to the ring and in the bottom left
corner.
We successfully developed five NV-diamonds-attached AFM probes, each with different amount
of nanodiamonds. SEM images were taken on three of them, and one unused AFM probe for
comparison. The results are shown in Figure 2.9. Comparing to the unused probe, the probe
tip is clearly flattened during the contact-mode scanning, and a large amount of nanodiamonds
accumulate on the side of the tip. We observed red fluorescence from the second probe, but the
SEM image shows some layered structures that are unlikely to be nanodiamonds. Considering
the suspension contains a small amount of organics to stabilize the nanoparticles, this layered
structure could be organic residues which also fluorescent. The amount of nanodiamonds attached
to the probe tip is proportional to the nanodiamond density at the area of scanning.
We took an ODMR spectrum on the NV-diamond probe that gives the strongest fluorescence, and
the result is shown in Figure 2.10. A peak of NV PL change is clearly seen at around 2.87 GHz,
which is the NV ground state resonant frequency. The ODMR spectrum further proved that NV-
diamonds are attached to the AFM probe tip and the NV PL change is measurable.
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FIGURE 2.8: NV-diamonds dried from suspension drops on silicon substrate.
FIGURE 2.9: SEM and fluorescence images of an AFM cantilever before and after
attached with NV-diamonds. The white dashed lines outline the probe. The red
squares roughly indicate the region of scanning (not the exact scan area).
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FIGURE 2.10: An ODMR spectrum taken from a NV-diamond-attached AFM probe
at zero magnetic field. A peak can be seen at NV ground state resonant frequency
(2.87 GHz).
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2.5 Conclusion
We developed a general protocol to attach NV-diamonds to an AFM probe tip. Different amounts
of NV-diamonds were attached to 5 AFM probes. The fluorescence image and SEM image of 3
selected NV-diamond probes were taken and compared. We have also built a experimental setup
to measure the fluorescence and ODMR of small amounts of NV-diamonds. ODMR spectrum of
NV-diamonds on an AFM probe was taken and shows a resonance at around 2.87 GHz, which
consist with the NV resonant frequency in the ground state.
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Detailed Experimental Procedures
A.1 ADFMR
A.1.1 Depositing NV-diamonds on the ADFMR device
FIGURE A.1: NV-diamonds deposited on Ni pad on an ADFMR device.
NV-diamonds are deposited on the ADFMR device by dropping NV-diamond suspension drops
at the desired locations. This deposition is performed under a long-working-distance microscope
using hollow glass needles. Glass tubes with inner diameter of 0.7 mm are pulled into glass nee-
dles. The deposition procedures are the following:
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1. Shake or sonicate the NV-diamond suspension.
2. Obtain 10 µL NV-diamond suspension on a glass slide, immerse the tip of the glass needle
into the suspension drop until liquid is sucked into the needle. A small portion of the needle
tip might need to be removed by tweezers to allow the suspension flow in.
3. After obtaining the suspension in the glass needle, gently tap the needle tip at the desired
location to leave small drops of NV-diamond suspension on the device surface. Multiple
taps can be performed depending on the suspension concentration. The amount of NV-
diamonds deposited at one spot should be enough to give a measurable signal, but should
not be too much that the coupling between the NV-diamonds and the ferromagnetic film
will be weaken due to the NV-FM separation. As shown in Figure A.1, Spot 1 gives enough
PL to measure NV signals, but Spot 2 is not dense and uniform enough to obtain consistent,
low-noise NV signals.
(a) Notice that the amount of NV-diamonds deposited per tap depends on the surface ma-
terial. It is usually easier to deposit NV-diamonds on the lithium niobate substrate than
on the Ni or Co pad.
(b) Also notice that the Adamas 1mg/mL NV-diamond suspension is easier to deposit than
the water suspension, but the Adamas suspension contains chemicals that also gives
optical signals.
4. NV-diamonds in suspension (especially for the water suspension) tend to accumulate on the
glass needle tip. A small amount of NV-diamond accumulation could make the deposition
easier, however, the accumulation might eventually lead to large clumps that end up on the
surface and cannot be used to obtain optical signals.
5. Similar clumping is observed for the suspension drop on the glass slide. The nanodiamonds
tend to accumulate on the edge of the drop, if a droplet is left for more than several minutes,
it might not have as high of a concentration as it used to.
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A.1.2 Tips for Using the Nikon Setup
1. Sample positon: To obtain a maximum in-plane magnetic field, the ADFMR sample should
be placed below and parallel to the magnet and halfway between the center pole piece and
one side pole piece (Fig.A.3). The vertical distance from the sample to the magnet is marked
on the stand and should be kept constant. The relative position of the sample to the magnet
should be adjusted by moving the magnet frame, since the sample position is determined
by the laser spot, which cannot be changed without adjusting the optical alignments.
2. Connecting the ADFMR sample: The ADFMR sample is connected to two SMA flex cables,
one on each side. The cables are taped down on the microscope stage. Since the optical signal
depends strongly on the morphology of the NV-diamond spot, motions of the sample should be
avoided during measurements.To minimize sample motions, wait until the SMA cables relaxed
to a stable position before taking measurements. One could also design a 3-D printed part
to fix down the sample.
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FIGURE A.2: Nikon setup for the ADFMR experiment
FIGURE A.3: ADFMR sample position relative to the electromagnet
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A.2 NV-AFM
A.2.1 Coating AFM probes with poly-l-lysine
We use poly-l-lysine powders to make 0.01% w/v poly-l-lysine water solution. A 3-axis micro-
manipulator is used to control the position of the AFM probe: the AFM probe is stuck to the end
of a think stick, which is held by the micromanipulator. Obtain a small drop of the poly-l-lysine
solution on a glass slide. Move the AFM probe until its tip (and only the tip) immerses in the
droplet. Lift the probe and wait several minutes for it to dry.
A.2.2 AFM procedures of attaching nanodiamonds
TESPA AFM cantilevers are used in this experiment. A general procedure of attaching nanodia-
monds using the AFM contact mode:
1. Coat the AFM probe with poly-l-lysine
2. Locate an area on the sample with desired amount of nanodiamonds using the AFM built-in
camera
3. Perform a large range scan using tapping mode with high setpoint (we used ∼22nm)
4. Find the desired scan area on the obtained scan and zoom in on the region, record X and Y
offsets
5. To attach multiple nanodiamonds, retreat the probe, switch to contact mode, and scan the
area using the X and Y offsets recorded
6. To attach single nanodiamond, follow the procedures below:
(a) Locate the single nanodiamond on the scanning image obtained from tapping mode
(b) Zoom in on the single nanodiamond
A.2. NV-AFM 41
(c) Gradually lower the setpoint
(d) Keep trying until the single nanodiamond disappears from the scanning region
(e) Zoom out and perform the scanning again with higher setpoint. In most of the cases the
nanodiamond is moved outside the scanning region instead of attached to the probe
(f) Keep trying until you made it
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